Recent studies have suggested an association between air pollution and stillbirth. In this California study, we examined the records of 13,999 stillbirths and 3,012,270 livebirths occurring between 1999 and 2009. Using a retrospective cohort design and logistic regression models, we calculated the odds of stillbirth associated with each pollutant exposure by trimester and throughout the entire pregnancy. Covariates considered in the model included infant sex, maternal demographic characteristics, season of last menstrual period, apparent temperature, air basin of mother's residence, and year of conception. In single-pollutant models, we found that a 10-µg/m 3 increase in particulate matter with an aerodynamic diameter less than or equal to 2.5 µm (odds ratio (OR) = 1.06, 95% confidence interval (CI): 0.99, 1.13) and a 10-ppb increase in nitrogen dioxide (OR = 1.08, 95% CI: 1.03, 1.13) during the entire pregnancy were associated with stillbirth. A 10-ppb increase in ozone exposure during the third trimester was also associated with a slightly elevated risk (OR = 1.03, 95% CI:
There is a growing body of evidence linking ambient air pollution with adverse birth outcomes, including low birth weight, preterm birth, and small size for gestational age, in the United States and worldwide (1) (2) (3) (4) (5) . Most of the studies have found associations between 1 or more of these outcomes and exposure to carbon monoxide, nitrogen dioxide, and/or particulate matter with an aerodynamic diameter less than or equal to 2.5 µm (PM 2.5 ) or less than or equal to 10 µm (PM 10 ) (6) . Other adverse birth outcomes, including birth defects and spontaneous abortion, have also been examined in several studies of air pollution conducted in the United States, Europe, Australia, and Asia (7) (8) (9) . Stillbirth has only rarely been examined, primarily outside of the United States. However, it is an important outcome that may be associated with higher monetary costs than livebirths (10) and can contribute to symptoms of depression and anxiety in a subsequent pregnancy (11) . Results from studies examining the association between air pollution and stillbirth have been mixed, with no associations being observed for any pollutants studied in England or the Czech Republic and positive associations being reported for nitrogen dioxide in Brazil, for PM 10 in South Korea, and for sulfur dioxide in Taiwan (12) (13) (14) (15) (16) . Within the United States, stillbirth has been examined only in New Jersey, where positive associations were found with exposure to nitrogen dioxide, sulfur dioxide, and carbon monoxide during various trimesters of pregnancy (17, 18) . However, it is difficult to extrapolate these findings to West Coast states, such as California, since the mixtures of air pollutants and sources differ from those in New Jersey (19) .
In the current study, we examined the relationship between air pollutants-specifically PM 2.5 , nitrogen dioxide, ozone, carbon monoxide, and sulfur dioxide-and stillbirth in California while adjusting for apparent temperature. California is heavily populated and has many air pollution and temperature monitors located throughout the state, making it ideal for a study of a rare outcome like stillbirth.
METHODS

Study population
The study population was drawn from all livebirths and stillbirths occurring in California between January 1, 1999, and December 31, 2009 . These data were collected from the California Office of Vital Statistics (Birth and Fetal Death Statistical Master Files). The State of California defines stillbirth as the death of a fetus whose development advanced to the 20th week of gestation or beyond prior to complete expulsion or extraction from the mother (California Code of Regulations, Title 17, Section 916). The following information was abstracted from birth and fetal death certificates: sex of infant or fetus, date of livebirth or stillbirth, birth weight, gestational age of the infant or fetus, date of the last menstrual period (LMP), maternal residential zip code, and maternal age, education, and race/ethnicity. Gestational age is calculated by the California Office of Vital Statistics as the difference between the date of birth or stillbirth and the date of LMP. When only the month of LMP was available, the day was assigned by the Office of Vital Statistics as the 15th day of the month and the LMP variable was set to missing. When LMP was missing, we estimated it as the difference between the date of delivery and gestational age, given in days. We included only singleton births and fetal deaths with gestational ages between 20 and 44 weeks and with a reasonable combination of birth weights according to gestational age (20) . In order to avoid the fixed cohort bias, we limited the cohort to only those pregnancies with conception dates between 20 weeks before the study period started and 44 weeks before the study period ended (21, 22) .
Air pollution and temperature data
The California Air Resources Board provided air pollution data for the 11-year study period. Based on findings from previous studies, we examined exposure to PM 2.5 , nitrogen dioxide, carbon monoxide, sulfur dioxide, and ozone. Average PM 2.5 was typically recorded every third or sixth day, while 1-hour maximum levels of the gaseous pollutants were reported daily (23).
Since we did not have residential addresses in our data set, we used the population-weighted centroid of the 2000 US Census zip code tabulation area associated with the mother's residential zip code to assign exposures. Distances from this centroid to nearby monitors were calculated using ArcGIS software (Esri, Redlands, California). To improve the accuracy of exposure assessment, we only assigned PM 2.5 , ozone, and sulfur dioxide exposures to pregnant women residing in zip codes within 20 km of the corresponding monitor and carbon monoxide and nitrogen dioxide exposures to women residing in zip codes within 5 km of monitors. If more than 1 monitor was present within the assigned distances, we used the closest monitor. The carbon monoxide and nitrogen dioxide distance requirements were more stringent because these pollutants are known to be more spatially heterogeneous, which can affect their observed associations with health outcomes (24, 25) .
Sulfur dioxide may also fall into this category, but the lower number of monitors compared with the other pollutants (less than half the number of carbon monoxide and nitrogen dioxide monitors and 25% of the ozone monitors) statewide for sulfur dioxide necessitated the use of less stringent criteria to capture an acceptable number of cases.
We obtained hourly temperature and relative humidity data from 3 separate monitoring databases: the California Irrigation Management Information System (26), the Environmental Protection Agency (27) , and the National Climatic Data Center (28) . The closest weather station within 10 km of the maternal zip code tabulation area for each pregnancy was used to assign exposure. Using the hourly measurements, we calculated mean daily apparent temperature, as previously described by Basu et al. (29) .
For each mother, we calculated exposure to each pollutant during the entire pregnancy, defined as the period between the conception date (estimated as 2 weeks after the LMP date) and the delivery date, as well as during the 3 trimesters of pregnancy. We defined the first trimester as the period from conception to 13 gestational weeks, the second trimester as gestational weeks [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , and the third trimester as the period from the 27th week of gestation to delivery. To calculate exposures incurred during each trimester and throughout the entire pregnancy, we used the weekly exposure mean value, as it reduces the bias that may result from variation in sampling frequency across the monitors by equally weighting all weeks within a trimester (30) . Weekly exposure to PM 2.5 was calculated as the mean of all of the readings taken during that week, provided that there was at least 1 reading taken during that week. We calculated the trimester exposures to PM 2.5 as the average of weekly mean exposures of all the weeks included in a trimester, provided that there were data available for at least 75% of weeks in that trimester. To calculate PM 2.5 exposure for the entire pregnancy, we first calculated the monthly PM 2.5 exposure, which was the average of 4 weekly averages, provided that at least 3 of them had a PM 2.5 weekly exposure reading. The entire-pregnancy exposure was then calculated as the mean of monthly exposure mean values, provided that the total number of months included in the entire-pregnancy exposure means calculation was greater than 75% of the total gestational period.
Monthly, trimester, and entire-pregnancy exposure means for each gaseous pollutant and for apparent temperature were calculated in the same way as described above for PM 2.5 . However, because these factors were monitored daily, at least 5 readings were required to create a weekly exposure.
Statistical analysis
Using a retrospective cohort design and logistic regression models, we examined the association between each air pollutant and stillbirth, while controlling for maternal education (high school or less, some college, or college graduate or beyond), maternal race/ethnicity (non-Hispanic white; nonHispanic black; Hispanic; non-Hispanic Asian; or other nonHispanic, which included American Indian, Hawaiian, and other Pacific Islander), maternal age (<25, 25-34, or ≥35 years), and sex of the infant or fetus. These variables were selected because they were associated with stillbirth and air pollution in our data set or the literature. To better account for seasonal, long-term, and spatial trends, our models also incorporated apparent temperature; season of LMP, divided into a warm (May-October) season and a cool (November-April) season; year of conception, which divided deliveries into year-long groups based on the conception date; and air basin of maternal residence. California is divided into 15 air basins with similar geographical and meteorological features to monitor and manage air pollution (see Web Figure 1 , available at http:// aje.oxfordjournals.org/). For each pollutant, we considered data from only those air basins for which there were at least 30 stillbirths with entire-pregnancy exposure information available for the study period. Therefore, the number of air basins included in each logistic regression analysis could vary. We fitted 2 types of regression models: single-pollutant models, where we included only 1 air pollutant at a time, and 2-pollutant models, where every possible combination of 2 air pollutants was considered. Each exposure period was evaluated separately in these regression models. The association between each pollutant exposure and the probability of stillbirth was calculated as an odds ratio per 10 parts per billion ( ppb) change for nitrogen dioxide, sulfur dioxide, and ozone, per 1 part per million ( ppm) change for carbon monoxide, and per 10 µg/m 3 change for PM 2.5 , along with their 95% confidence intervals.
In order to examine modification of the pollutant-stillbirth association for the entire pregnancy period by maternal age, education, and race/ethnicity, we added an interaction term (e.g., PM 2.5 × race/ethnicity) with a reference group to the single-pollutant models. To determine how the association between air pollution exposure and stillbirth varied across air basins, we conducted logistic regression analysis using single-pollutant models by air basin for the entire-pregnancy exposure. We limited this analysis to air basins with at least 500 stillbirths during the study period in order to create stable estimates. We used SAS 9.3 (SAS Institute Inc., Cary, North Carolina) to conduct all analyses.
RESULTS
There were a total of 26,355 stillbirths and 5,788,117 livebirths during the study period. We did not include 4 air basins (Great Basin Valley, Lake Tahoe, Lake County, and Northeast Plateau) in any of the statistical analyses because they did not have at least 30 fetal deaths during the study period. We excluded 147,576 observations because their conception dates did not fall between 20 weeks before the study period started and 44 weeks before the study period ended, 15,718 observations with missing zip codes or zip codes outside California, and 22,429 observations because of the lack of a reasonable combination of gestational age and birth weight (20) . After further exclusion of women with missing covariate data and those who did not live the required distance from the temperature monitors and at least 1 air pollution monitor, there were a total of 13,999 stillbirths and 3,012,270 livebirths remaining for analysis of the entire pregnancy period. The distributions of maternal and fetal demographic and clinical covariates are given in Table 1 . Seventy-seven percent of stillbirths were preterm and 23% occurred at term, while among livebirths these values were 9% and 91%, respectively. The average length of gestation among stillbirths was 30 weeks, while that among livebirths was 39 weeks. The majority of mothers were Hispanic, aged 25-34 years, and educated at a high school level or less. The mean values of air pollutants included in the analysis over the study period are given in Table 2 . For full-pregnancy exposures, PM 2.5 was highly correlated with both nitrogen dioxide (r = 0.78) and carbon monoxide (r = 0.66) (Web Table 1 ). Nitrogen dioxide and carbon monoxide were also highly correlated (r = 0.72). Ozone was slightly negatively correlated with sulfur dioxide and carbon monoxide.
In the single-pollutant models, a 10-µg/m 3 increase in PM 2.5 (odds ratio (OR) = 1.06, 95% confidence interval (CI): 0.99, 1.13) and a 10-ppb increase in nitrogen dioxide (OR = 1.08, 95% CI: 1.03, 1.13), averaged over the entire pregnancy, were associated with stillbirth (Table 3) . A 10-ppb increase in ozone exposure during the third trimester was significantly associated with stillbirth (OR = 1.03, 95% CI: 1.01, 1.05), but neither the entire-pregnancy exposure nor the exposures in the other 2 trimesters were significant. We did not find any significant results for sulfur dioxide (for entire pregnancy, OR = 1.02, 95% CI: 0.91, 1.14) or carbon monoxide (for entire pregnancy, OR = 1.04, 95% CI: 0.97, 1.12) for any of the exposure periods considered.
In the 2-pollutant models, entire-pregnancy nitrogen dioxide associations were largely unaffected by the addition of PM 2.5 or ozone. However, entire-pregnancy PM 2.5 associations were null when nitrogen dioxide was also included in the model. Third-trimester ozone associations were robust to the addition of PM 2.5 and nitrogen dioxide. We did not perform 2-pollutant analyses for either sulfur dioxide or carbon monoxide. There was effect modification by age for nitrogen dioxide and ozone. Younger mothers were less affected by nitrogen dioxide exposure than mothers aged 25 years or more, while ozone associations were highest for the younger and older mothers. Compared with non-Hispanic whites, mothers in the "other" race/ethnicity category had stronger associations for nitrogen dioxide and weaker associations for ozone (Table 4) . The PM 2.5 association varied by educational level, with the strongest associations being seen among mothers with the highest educational levels (OR = 1.32, 95% CI: 1.19, 1.47). In contrast, associations with ozone were seen among women with the lowest educational attainment. Only 6 air basins had at least 500 stillbirths during the study period. An increase in PM 2.5 during the entire pregnancy was significantly positively associated with stillbirth in the Sacramento Valley and the San Joaquin Valley (Table 5) . Similarly, an increase in nitrogen dioxide exposure during the entire pregnancy was significantly positively associated with stillbirth in the Sacramento, San Joaquin, and South Coast air basins and significantly negatively associated in the San Diego basin. Finally, an increase in ozone exposure during the entire pregnancy was significantly associated with stillbirth in the San Joaquin Valley.
We performed sensitivity analyses restricting the distance from the residence to the monitoring stations to 2.5 km or less for nitrogen dioxide and to 10 km or less for ozone and PM 2.5 . The odds ratio for exposure to nitrogen dioxide during the entire pregnancy was 1.10 (95% CI: 1.01, 1.20), while the corresponding odds ratios for ozone and PM 2.5 were 1.02 (95% CI: 0.99, 1.05) and 1.05 (95% CI: 0.98, 1.13), respectively.
DISCUSSION
In our California-based cohort study, we found that the risk of stillbirth was associated with increased exposure to ambient air pollutants, particularly during the third trimester and throughout the entire pregnancy period. The associations with ozone and nitrogen dioxide were fairly stable after adjustment in 2-pollutant models. There was some evidence of effect modification by age, race/ethnicity, and education, although there was inconsistency in their interaction across pollutants. Our findings may have represented random fluctuations in the data, especially with respect to race/ethnicity, since there were only 186 stillbirths in the "other" race/ethnicity category. However, in other studies of birth outcomes, investigators have noted differences in air pollution associations by demographic category, including both low and high socioeconomic status and race/ethnicity (7, (31) (32) (33) . Associations for PM 2.5 , nitrogen dioxide, and ozone appeared to be higher in some air basins than in others. For example, we observed higher estimates for those pollutants in the Sacramento Valley and the San Joaquin Valley than in the South Coast air basin, which could have been due to differences in sources and constituents of PM 2.5 and more traffic-related nitrogen dioxide associations for the Sacramento and San Joaquin areas. Alternatively, these differences may just be a reflection of the more stable estimates for the South Coast air basin, which accounted for 47% of the stillbirths during the study period.
Faiz et al. (17) studied the same air pollutants as those studied here, except for ozone, in New Jersey and found stillbirths to be associated with nitrogen dioxide exposures. We found an association for nitrogen dioxide measured over the entire pregnancy and in the third trimester. The interquartile range of nitrogen dioxide concentrations was higher in our study (17 ppb) than in the New Jersey study (10 ppb), but the fullpregnancy California association scaled to its interquartile range (OR = 1.13) was lower. Faiz et al. also observed associations with first-and third-trimester sulfur dioxide exposure and second-and third-trimester carbon monoxide exposure (17) . We did not find significant associations for either sulfur dioxide or carbon monoxide for any of the exposure periods, and our estimates for both sulfur dioxide and carbon monoxide were lower than those in New Jersey, even though our California estimates were scaled for larger unit changes for (12) . The lack of consensus on the important pollutants and the relevant windows of exposure indicate that more work is needed to better clarify the air pollution-stillbirth relationship, since relatively few studies have been conducted thus far. Biological mechanisms linking air pollution exposures and stillbirth are not yet well understood. One possible pathway suggests that air pollutants interfere with oxygen uptake by the fetus. Pollutants may increase maternal methemoglobin levels, which can oxidize fetal hemoglobin levels and inhibit the oxygen transport needed by the fetus. Another explanation is that pollution-induced DNA damage may have catastrophic impacts on development in a growing organism whose cells are dividing at a high rate. Studies linking air pollution to birth defects may lend some support to this pathway (8, 9) . Other studies suggest that air pollution affects placental health via injury or inflammation, causing serious lack of nutrient transfer between mother and fetus (36). Future epidemiologic work better identifying pollutants and exposure windows of importance would further inform the investigation of biological mechanisms.
There were a number of questions our study was not able to address. First, because California did not collect smoking data for the pregnancies during most of the study time period, we were not able to explicitly assess whether tobacco smoke exposure was a strong confounder in the pollutant-stillbirth relationship. Previous studies of other birth outcomes conducted in California and nationally have not seen shifts in air pollution associations after adjustment for smoking (37) (38) (39) . This may be because other common demographic variables typically accounted for, like age and socioeconomic predictors, may capture part of the confounding; however, future studies should use smoking data if available.
We utilized ambient air quality monitors to assign exposures incurred by the study population based on their zip code of residence. We limited our study population to persons living within a specified distance from a monitor to better ensure that readings were relevant. However, some exposure misclassification was introduced, because 1) zip code centroids are only approximations of residential location, 2) people's jobs or daily activities may take them away from their residential locale, and 3) time spent indoors will affect exposures to outdoor levels of air pollutants. We believe this misclassification would likely be nondifferential, probably leading toward underestimation of associations. Our sensitivity analyses using closer distances to the nearest monitor produced estimates similar to those we calculated for the main analyses. Although a date of stillbirth was reported in the records, the actual death of the fetus may have occurred before the delivery date. We used trimesters rather than monthly averages for the pollutant exposures to mitigate some of the exposure misclassification due to inaccuracies in the actual date of death of the fetus. In addition, inaccuracy in gestational age was possible due to variations in menstrual cycle length and the use of LMP to calculate gestational age. This could have affected the calculation of trimester-specific exposure. A further limitation is the difference in the number of weeks of gestation between stillbirths and livebirths for the full-pregnancy analyses. In addition, we used residential zip code at the time of birth, but some mothers may have resided in other locations at other times during the pregnancy. Personal monitoring would provide better exposure estimates but is still logistically impractical at the necessary scale.
Our study also had many strengths. California has a very large population and many air pollution monitors, which measured ambient concentrations of various air pollutants throughout the study period. Our large data set represented a population with diverse racial/ethnic, educational, and age characteristics, and hence we were able to study the association between ambient air pollution and stillbirth for many subgroups. We were also able to examine the associations by air basin, each of which has unique geographical and meteorological features. This is one of the very few studies to have analyzed the association between air pollution and stillbirth, and one of the first epidemiologic studies of the relationship in California. Future studies in other geographical areas are needed to confirm the association between air pollution and stillbirth.
